In a rat model of stroke, the spatio-temporal distribution of a-smooth muscle actin-positive, (aSMA + ) cells was investigated in the infarcted hemisphere (ipsilateral) and compared with the contralateral hemisphere. At day 3 postischemia, aSMA + cells were concentrated in two main loci within the ipsilateral hemisphere (Area A) in the medial corpus callosum and (Area B) midway through the striatum adjacent to the lateral ventricle. By day 7 and further by day 14, fewer aSMA + cells remained in Areas A and B but a steady increase in the peri-infarct was observed. aSMA + cells also expressed glial acidic fibrillary protein [GFAP: aSMA + /GFAP + (29%); aSMA + /GFAPÀ (71%) phenotypes] and feline leukemia virus C receptor 2 (FLVCR2), but not ED1(microglia) and established markers of pericytes normally located in vascular wall. aSMA + cells were also located close to the subventricular zones (SVZ) adjacent to Areas A and B. In conclusion, aSMA + cells have been identified in a spatial and temporal sequence from the SVZ, at intermediate loci and in the vicinity of the peri-infarct. It is hypothesized that novel populations of aSMA + precursors of pericytes are born on the SVZ, migrate into the peri-infarct region and are incorporated into new vessels of the peri-infarct regions.
Introduction
In stroke, complex molecular, cellular, and inflammatory mechanisms are activated in response to the induction of ischemia, and many cells adapt to the hypoxic conditions of the damaged tissue and periphery (peri-infarct) to initiate restoration of compromised neuronal networks. Underlying this restoration is a set of responses aimed at the reestablishment of an ordered blood supply.
Migration of immature cell types from sites of proliferation towards damaged brain tissue is an important feature for the restriction of damage, the stabilization of tissues and surviving cells in the regions surrounding the lesion, and the restoration of function. Several studies have investigated the increase in precursor migrations from the subventricular zones (SVZ) after trauma in the cerebral cortex (Jin et al, 2001; Zhang et al, 2001; Parent et al, 2002; Goings et al, 2004) . In adult mice, cortical lesions induced the birth and migration of new glial cells, some of which pass into the corpus callosum where they survived for at least 3 weeks (Goings et al, 2004) . In adult rats, in which labeling of early proliferating cells such as glia was avoided in response to focal ischemia, there was a general increase in neuroblast migration from the SVZ along the rostral migratory stream but some cells were directed towards the site of lesion (Parent et al, 2002) . An important component of the SVZ is the vascular niche for neural stem/progenitor cells (NSPCs) (Tavazoie et al, 2008) from which SVZ-derived NSPCs migrate into the striatum along blood vessels in response to ischemia (Kojima et al, 2010) . In mild cortical strokes, NSPCs do not appear to migrate from the SVZ but arise locally (Shimada et al, 2010) . Furthermore, alternative sites of proliferation of NSPCs have been defined in the neocortical layer (Ohira et al, 2010) and pia mater (Nakagomi et al, 2011) .
Particular cell types also infiltrate the ischemic core and rim, including nestin + progenitors (Kronenberg et al, 2005; Nakagomi et al, 2009 ) and bone marrowderived progenitor cells of pericytes. Pericytes and endothelial precursors are two important cell types that contribute directly to the reestablishment of the vasculature in the peri-infarct regions and become activated in response to ischemia, as described in numerous studies (Jeynes, 1985; Takahashi et al, 1997; Renner et al, 2003; Yemisci et al, 2009) .
Two reports attribute adult bone marrow as the source of precursor cells of pericytes that are recruited into blood vessels during angiogenesis in the periinfarct regions of damaged tissues following the induction of stroke (Kokovay et al, 2006; Lamagna and Bergers, 2006) . In the study by Kokovay et al (2006) , pericytes were identified as being derived from bone marrow, desmin-positive and bounded by laminin layers (basement membrane) that surround new blood vessels of the infarct region of the striatum. However, in view of the disparate origins of the cellular components of the vascular wall during angiogenesis (Pardanaud et al, 1989) in developing brain (including pericytes (Etchevers et al, 2001) ), which depends on the anatomical location of blood vessels in question, it raises the possibility that the sources of pericytes recruited into damaged tissue resulting from stroke might depend on the site of lesion, and available access routes to the periphery of ischemic tissue. In this regard in the developing fetal brain, the dorso-posterior vascular compartment, including pericytes, originates from cephalic paraxial mesoderm, but the cellular components of ventro-anterior vessels are derived entirely from NCCs (neural crest cells) (Etchevers et al, 2001 ) that migrate from the site of proliferation. Thus, infarcts in different regions of the brain and different destinations within the peri-infarct might require recruitment of pericytes from separate sources.
Pericyte precursors have been found to be multipotential (Dore-Duffy et al, 2011) and furthermore, immortalized multipotential precursors were a-smooth muscle actin (aSMA)-negative in vitro (Dore- Duffy, 2008; Dore-Duffy et al, 2011) . However, transforming growth factorb has been reported to induce aSMA in the brain (Verbeek et al, 1994) and retinal (Sieczkiewicz and Herman, 2003) pericytes, perhaps suggesting that aSMA-expression (aSMA + ) can be associated with a more mature phenotype. The possibility that pericytes might express the feline leukemia virus C receptor 2 (FLVCR2) transporter (Brasier et al, 2004) of heme (Duffy et al, 2010) as described during angiogenesis in fetal development of the brain (Thomas et al, 2010) warranted an investigation of its expression in the adult brain by the aSMA + cells described in this study.
In this study, a population of aSMA + cells with a unique morphology is described together with the spatio-temporal distribution of concentrations of these cells, activated following the temporary occlusion of the middle cerebral artery (MCAO) in a rat model of stroke. Thus, the time-dependent changes in concentrations of aSMA + cells at specific loci on the ipsilateral, ischemic hemisphere were compared at several time points after MCAO, but these were not found in the contralateral control hemisphere.
Materials and methods

Preparation of the Spontaneously Hypertensive Rat Model of Stroke
The thread occlusion model of MCAO was used to induce stroke in 15-week-old male spontaneously hypertensive rats (SHR) (Animal Research Centre, Perth, WA, Australia). Anesthesia was induced using 5% Isoflurane (50:50 for oxygen: air mix) and maintained at 2% in freely breathing animals via a nose cone. To induce infarction, a 90-minute transient MCAO using a thread occlusion was performed as previously described (Rewell et al, 2010) with modifications recommended earlier by Spratt et al (2006) . In brief, the suture (silicone-coated, with a diameter of 0.35 mm and length 2 mm) was inserted through the right external carotid and up through the internal carotid artery to occlude the right MCA. Laser Doppler flowmetry was used to detect a drop in cerebral blood flow, which was the criterion used for successful occlusion. Rectal temperature was maintained at 37.41C (temperature control units were manufactured 'in house' and consisted of a thermocouple connected to a heat mat, which is regulated by the temperature control box). Blood oxygen levels and heart rate were monitored. After 90 minutes, the animals were anaesthetized once again and the suture obstructing the MCA was removed. Animals were randomized to each experimental group (time of survival). The assessment of neurological symptoms was performed at 1.5 and 24 hours postocclusion according to a slightly modified procedure outlined by Petullo et al (1999) , with the investigator blinded to experimental group. At several time points post-MCAO (day 1, day 3, day 7, and day 14), the animals were euthanized and perfused with 0.9% saline followed by 4% paraformaldehyde (pfa)/phosphate-buffered saline (PBS). All procedures were carried out in accordance with institutional (Animal Ethics Committee of Austin Health, approval number 2007-2796) and national (National Health and Medical Research Council and ARRIVE) guidelines.
Initially, three rats were used for each time point (days 1, 3, 7, 14), with four sections from each rat being stained for aSMA. Variable numbers of aSMA + cells were initially observed at days 3, 7, and 14 poststroke in most animals, and therefore the sample size was increased from 3 rats to 11 rats for each of these time points to achieve statistical significance. Thus, four sections were counted from 11 animals making a total of 44 sections per time point. a-smooth muscle actin-positive cells in stroke V Sharma et al
Paraffin Embedded Sections
The brains were removed from the skulls and postfixed for 24 hours in 4% pfa/PBS. Tissue was then cut into 2 mm thick coronal slices using a rat brain matrix. Slices were embedded in paraffin using standard histological techniques. Paraffin embedded sections were cut at a thickness of 7 mm using a microtome (Leica, Solms, Germany). Sections were collected on to silane (3-aminopropyltriethoxysilane [APES]; Sigma-Aldrich, St Louis, MO, USA) coated slides in series of 20 each, with the 1st, 21st, 41st, and 61st sections mounted on slide 1, resulting in a distance of B140 mm between each section on a slide. Four tissue sections (1 slide) from each rat were stained for aSMA.
Immunohistochemistry
An amplified tyramide-based protocol was used for immunohistochemistry (CSA II kit, DAKO, Glostrup, Denmark). The anti-human/rat aSMA antibody (mouse monoclonal clone 1A4, M0851, DAKO, identical to asm-1 (Skalli et al, 1986) ) was provided as 70 mg/mL and diluted 1:500. Sections were then counter-stained with hematoxylin (Amber Scientific, Midvale, WA, Australia). Images of tissue sections (TIF files) were captured with an Olympus (Tokyo, Japan) BX50 microscope, mounted with a Leica DFC 490 digital camera, and the Leica Application Suite 2.8.1. Areas of aSMA staining ( Figures  1B and 1C ) were identified and images (examples Figures  1D and 1E ) captured for analysis using the MCID image analysis suite (insert Figure 1B , MCID Analysis 7.0, Rev 2.0, InterFocus Imaging, Cambridge, UK). A set of hue, intensity, and saturation settings were fixed to identify aSMA densities. The number of aSMA-positive entities was quantified using the automated quantification mode of MCID in which the field size and stain count area were kept constant for all quantification. These data were transferred to MS Excel (Microsofts Office Excel, 2007) for data analysis and statistical interpretation. Inbuilt functions on MS Excel were used to calculate standard deviation, standard errors, count averages, and independent one-sample t-tests.
Preparation of Frozen Sections
The time points post-MCAO investigated in this part of the study included days 1, 3, 7, and 14. The perfused brains were removed from the skull, washed in PBS, and stored in PBS-sucrose-azide solution (PBS containing 30% sucrose and 0.1% sodium azide) as a cryoprotectant at 41C for 24 hours before being snap frozen in isopentane/dry ice. Frozen brains were stored at À801C before being sectioned at 20 mm on a cryostat (Microm HM505E) and collected on Superfrost Plus slides (Menzel-Glaser, Braunschweig, Germany).
Immunofluorescence
Immunohistochemistry using an immunofluorescence protocol was performed with antibodies against aSMA (1:200 dilution, mouse IgG2A DAKO M0851), PDGFRb (platelet-derived growth factor receptor-b; 1:100, rabbit polyclonal Santa Cruz SC432, Santa Cruz, CA, USA), Ki67 (1:50 to 100, rabbit polyclonal Millipore AB9260, Billerica, MA, USA), NG2 (1:100, mouse IgG1 Millipore MAB5384), FLVCR2 (1:50 of 1 mg/mL, mouse IgG1 Mab 3D5 [made by Dr Wookey] and 1:50 of 1 mg/mL, mouse IgG3, MAb 33/01-4A5 [made by Dr Wookey], also known as MCA2322, AbD-Serotec, Oxford, UK), nestin (1:200, mouse IgG1 R&D Systems MAB1259, Minneapolis, MN, USA) and desmin (1:50, rabbit polyclonal, Millipore AB907). GFAP (glial fibrillary acidic protein) was used to identify astrocytes (1:500 chicken polyclonal, Millipore AB5541) and the mouse monoclonal ED1 (IgG1, 1:100, AbD-Serotec, MCA341R) to identify CD68 expressed by rat microglia and macrophages. Appropriate secondary antibodies [goat anti-mouse isotypes IgG1, IgG2A, IgG3, goat anti-rabbit and goat anti-chicken conjugated to AlexaFluors (488, 568, and 633 nm), Invitrogen, Carlsbad, CA, USA] at 1:500 dilutions were used to develop fluorescence.
Slides with frozen rat brain sections were left to dry at room temperature for approximately an hour before being postfixed in 4% pfa/PBS for 1 hour. Sections were washed twice for 5 minutes in PBS/1% Triton X-100 (pH 7.4) before being blocked with 5% normal goat serum in PBS/1% Triton X-100 (block solution) for 1 hour at room temperature. The sections were then covered with primary antibodies (diluted in block solution as indicated above) and incubated overnight at 61C in a humidified chamber. The next day, sections were washed in PBS/1% Triton X-100 for 3 Â 10 minutes in a coplin jar, while being agitated gently on a rotator table. Secondary antibodies were then layered onto sections (at dilutions indicated above in PBS), with incubation for 90 minutes at room temperature in the dark to prevent bleaching of fluorescence. Sections were washed again in PBS for 3 Â 10 minutes while being agitated gently on a rotator table. Prolong Gold mountant (Invitrogen, containing the DAPI nuclear stain; 4 0 ,6-diamidino-2-phenylindole) was then applied on coverslips and left to dry for 2 days in the dark before imaging with the confocal microscope.
Confocal Microscopy
Tissues were examined using a Zeiss Meta confocal laser scanning system incorporating Zen software (Zeiss, Oberkochen, Germany). A 405-nm excitation filter was used to visualize DAPI (nuclear staining), and a 488-nm excitation filter was used for Alexa 488 secondary antibody. A 561-nm excitation filter and 633-nm excitation filter were used to visualize Alexa 568 and 633 secondary antibodies, respectively. Images were captured in a single focal plane with optical sections of 0.5 mm nominal thickness or using deconvolution of Z-plane stacks to generate compressed single plane images of up to 20 mm tissue thickness.
Results
The Locations of Areas of High Density of a-Smooth Muscle Actin + Cells Within the Ipsilateral Hemisphere Area A is located medially in the corpus callosum on the dorsal horn of the lateral ventricle, adjacent to a-smooth muscle actin-positive cells in stroke V Sharma et al the junction of the caudate putamen while Area B is located further ventrally approximately midway through the medial edge of the caudate putamen, adjacent to the lateral ventricle ( Figure 1A) . Area X covers the dorso-lateral aspects of the parietal cortex while Area Y covers the ventral aspects of the parietal cortex, extending into the dorsal aspects of the insular cortex and the ventro-lateral apex of the ) shows the highlighting in red generated by the MCID program to identify intense staining and count these aSMA + ve cells. (D (Morphology 1), E (Morphology 2)) Representative aSMA + cells identifiable with light microscopy. (F) (day 7, Area X) aSMA + cells (arrowed, predominantly Morphology 1) aligned around the infarct area (indicated with dense populations of nucleated cells). By day 14 in Area X, relatively few aSMA + cells display Morphology 1 and the majority of staining is associated with small vessels (Morphology 2, arrowheads and insert in (G)). The calibration bar in (G) represents 1.1 mm in (A), 100 mm in (B, C, F, G), and 25 mm in (D, E). SMA, smooth muscle actin.
a-smooth muscle actin-positive cells in stroke V Sharma et al caudate putamen. Areas X and Y are both in the lateral borders of the region of infarct, suggesting a location in the penumbra of the infarct. Areas A and B are both adjacent to SVZ of proliferation on the lateral ventricles as indicated in coronal section ( Figure 1A) . The peri-ventricular nature of Area Z is not evident in the coronal schematic shown in Figure 1A , but in a sagittal section (not shown) Area Z is immediately anterior to the inferior horn of the lateral ventricle.
Morphology of a-Smooth Muscle Actin + Cells
Under low power light microscopy, two distinct morphologies of aSMA + cells were evident in Areas A and B at day 3 ( Figures 1B and 1C) . The predominant morphology here, an example of which is shown in panel D, bears multiple cytoplasmic projections and has a pale nucleus [Morphology 1]. A high proportion ( > 90%) of aSMA + cells in peri-SVZ areas (Areas A and B, day 3) and Area X (day 7) displayed this morphology.
There was also a small proportion of aSMA + cell in Area A (day 3) associated with blood vessels [Morphology 2] ( Figure 1E ). Morphology 2 was the predominant form of aSMA + cells present in the regions of infarct (Areas X and Y) at day 14 ( Figure 1G and insert), although < 10% of the aSMA + cells at day 7 (Area X) displayed Morphology 2 ( Figure 1F ).
Quantification of a-Smooth Muscle Actin + Cells in Areas A, B, X, Y, and Z
At day 1 post-infarct, very few aSMA + cells could be identified in either ipsilateral or contralateral tissues with the exception of aSMA + cells surrounding some large blood vessels. By day 3, large numbers of aSMA + cells were found at specific loci on the ipsilateral side but few positive cells were evident on the contralateral hemisphere ( Figures 3C and 3F) , which served as a negative control.
At day 3 post-infarct, aSMA + cells were concentrated in Area A (corpus callosum, Figures 1A and  1B ; examples at high magnification, Figures 1D  and 1E) . Similarly, densities of aSMA + cells were located in Area B ( Figure 1C ) at day 3. At this time point, few cells expressed aSMA + in the peri-infarct equivalent to Areas X, Y, or Z (data not shown).
By day 7, fewer cells were counted in Area A and the difference between days 3 and 7 was statistically significant (Figure 2 , P = 0.015). In Areas B and Z, although there appeared to be increased numbers of cells (day 7 compared with day 3), there was no statistically significant difference. By contrast in the peri-infarct Areas X and Y, there were increases (day 7 compared with day 3) in the densities of cells expressing aSMA that were statistically significant (P = 0.0001).
By day 14 (Figure 2) , the numbers of aSMA + cells counted in Area A had dropped to 30% of the value for day 3 and there were fewer than found in day 7, which was statistically significant (P = 0.0013). The counts in Area X at this time represent few aSMA + cells with Morphology 1 ( < 10%) while most staining was associated with an increased number of aSMA + vessels (Morphology 2, Figure 1G ).
In contrast, there was no change in Area B detected as statistically significant in the numbers of aSMA + cells from days 3 to 14.
Other Markers Expressed by a-Smooth Muscle Actin + Cells
Confocal microscopy was used with multilabeling techniques and Z-plane deconvolution to explore other markers that might be expressed by aSMA + cells with Morphology 1.
At day 3 (Figure 3) , relatively high numbers of aSMA + cells were located in Areas A and B (Figures  1 and 2 ) and therefore these Areas were investigated for evidence of coexpression of other markers with aSMA. Evidence of coexpression of GFAP with aSMA ( Figures 3A and 3D ) was found in 29% of aSMA + cells [71% aSMA + cells were GFAPÀ] in these Areas at day 3 ( Figures 3B and 3E) . In contrast, there were few aSMA + cells found in equivalent regions of the contralateral hemisphere ( Figures 3C and 3F) .
The coexpression of aSMA + /GFAP + (Lecain et al, 1991) is consistent with expression by subpopulations of multipotential precursors of pericytes cultured in vitro (Dore- Duffy et al, 2011) . For this reason, other markers of precursors (nestin) and pericytes were investigated and these included desmin (Kokovay et al, 2006) Figures 3G and 3H) , aSMA + cells were negative for nestin. At day 7, numbers of aSMA + cells (Morphology 1) had increased in the peri-infarct regions of Areas X, Y, and Z (Figures 1 and 2) . Once again there was no evidence of coexpression of these pericyte markers with these aSMA + cells (Morphology 1) although cells in Areas A (Figures 4L-N) and X (Figures 4O-Q) expressed FLVCR2 (detected with MAb 3D5) and these were GFAP + (not shown). FLVCR2 expression (detected with MAb 3D5, raised against an extracellular epitope) was confirmed using MAb 33/01-4A5 raised against an intracellular epitope of FLVCR2 (data not shown).
Colocalization of a-Smooth Muscle Actin and ED1, a Marker of Microglia and Macrophages
At day 7, populations of cells that stained positive for the marker ED1 (CD68), namely rat microglia and macrophages, were investigated at key loci, some of which are illustrated in Figure 4 . Large numbers of ED1-positive cells were evident in the damaged infarct tissue (above white line in Figure 4A ), whereas there were fewer in the adjacent peri-infarct (Area X, below white line). Fewer ED1-positive cells were evident in Area A ( Figure 4B ) and these could be clearly distinguished from aSMA + cells with Morphology 1 and GFAP + cells (data not shown). One prominent ED1 cell was found protruding into the ventricular space ( Figure 4B ). Within the SVZ and its adjacent areas, ED1positive cells could be distinguished from neighboring aSMA + cells using the orthogonal display facility of the LSM Image Browser software ( Figure  4C ). There appeared to be no crossreactivity of aSMA + cells with ED1 within the vicinity of the SVZ.
Evidence for the Coexpression of Ki67 and a-Smooth Muscle Actin in the Subventricular Zones
At day 7, the SVZ was investigated for cells that coexpressed aSMA with Ki67, a marker of cells that are not in the G 0 -phase and therefore have recently Although the antibody used here had been successfully tested in human cell lines in our laboratory, within the SVZ there were few Ki67 + cells in each rat tissue section. However, some cells were clearly Ki67 + and some associated with aSMA + staining ( Figures 4D-G and 4H-K) . These examples suggest that aSMA + cells are born within the SVZ.
a-Smooth Muscle Actin + Cell Populations in Area X at Day14
By day 14 (Area X), there was diminished evidence of aSMA + cells with Morphology 1 and more structures displayed Morphology 2 (Figures 1E and 1G and 5A and 5B) . A majority of these cells were also positive for NG2 ( Figure 5B) , which is consistent with their identity as pericytes.
In this region, there are also examples of weaker fluorescence of aSMA + structures surrounding lumen ( Figure 5C ). These are GFAP-negative, NG2negative ( Figure 5C ), and PDGFRb-negative (data not shown).
Discussion
This manuscript describes the expression of aSMA by unique populations of cells at specific loci within the ipsilateral (compared with the contralateral) hemisphere, which alter in cell numbers with time after the induction of cerebral ischemia. These observations were predicated on the use of the anti-aSMA antibody that according to the distributors (DAKO) is identical to the anti-asm-1 antibody characterized by Skalli et al (1986) , which identifies rat and human aSMA in contrast to band gSMA.
In the CNS (central nervous system), two populations of aSMA + cells have been well documented namely, vascular smooth muscle cells that are normally integrated into the vessel wall of larger arterioles and arteries, and pericytes that normally form a close interaction with endothelial cells that line smaller blood vessels. A single report in 1991 by Lecain et al (1991) described aSMA + /GFAP + cells with morphology similar to some astrocytes that were found in the corpus callosum and fornix of normal C57B6 adult mice. Although the numbers of mice investigated in the study was unclear, it was noted that astrocytic processes were aSMA + but only in the sagittal plane, an unexpected result (Lecain et al, 1991) . We found little evidence of aSMA + /GFAP + cells in the corpus callosum on the contralateral side in the SHR rat model (Figures 3C  and 3F ). As described here, large numbers of aSMA + /GFAPÀ (71%) and aSMA + /GFAP + (29%) were found in Areas A (corpus callosum) and Area B (Figure 3) , 3 days after induction of ischemia. Pericytes precursors do express GFAP reflecting a partially differentiated phenotype (Dore-Duffy et al, 2011) and the multipotential nature of these precursors. There were also large numbers of GFAP + cells (aSMAÀ), particularly in Area B, which were presumably astrocytes ( Figure 3H) .
In summary of the data obtained by quantification, aSMA + cells (Morphology 1) were at maximum numbers at day 3 in Area A. In subsequent days there was a steady decline in Area A, which coincided with increasing numbers counted in Area X (day 7, Morphology 1; day 14, Morphology 2) consistent with incorporation of aSMA + cells into small vessels in the peri-infarct region between days 7 and 14. These observations would also be consistent with the migration of aSMA + (Morphology 1) cells into the peri-infarct from Area A up to day 7 and thereafter incorporation into small vessels by day 14. Alternatively, a mechanism and function for the sequential up and downregulation of aSMA by cells (Morphology 1) in Areas A and B and subsequently in Areas X and Y in the peri-infarct would require definition. A possible function might include the control of blood flow in capillary beds of the vascular system stemming from the MCA.
The migration hypothesis would imply a site(s) of origin. Clues to the possible origins of aSMA + cells in Areas A and B were found using multilabeling and confocal microscopy as shown in Figures 3G and 3H , respectively. At day 3, aSMA + cells were evident within and adjacent to a zone within the subventricular layer, consistent with proliferation from two regions of the SVZ and separate pathways of migration away through Areas A and B. In Figures  4D-K (day 7) , there is evidence that aSMA + cells within the SVZ also express levels of Ki67, a marker associated with recent cell-cycle activity (not expressed in the G 0 -phase). However, in this region, there are extensive networks of capillaries and it is possible that aSMA + precursors infiltrate the specific loci of Areas A, B, X and others for reasons that are not yet clear. The proposed migration of aSMA + cells (Morphology 1) would clearly be an interesting phenomenon and would require further extensive experimentation in which potential aSMA + cells born in the SVZ were labeled and identified subsequently in the Areas defined above at the appropriate time points. While the proof of migration of aSMA + cells with Morphology 1 requires further experimentation, the migration of various cell types has previously been demonstrated in response to injury or insult. The increased migration of NSPCs has been reported in several studies and these cells appear to originate from several loci as presented in the Introduction. Nakagomi et al (2011) have described NSPCs that arise from the leptomeninges in response to ischemia and there is evidence of a few aSMA + cells (Morphology 1) close to those structures in the peri-infarct, perhaps implicating this site as a minor proliferation zone. Holmin et al (1997) described subependymal cells (nestin + ) that were presumptive stem cells as well as committed precursors that migrate and differentiate into GFAP + astrocytes in adult brain in response to brain injury (physical). The GFAP + cells in Area B (day 3; Figure 3H ) may represent such a population. Likewise, progenitor cells of the SVZ proliferate, migrated and differentiated into oligodendrocytes and astrocytes in response to demyelination injury in the corpus callosum (Nait-Oumesmar et al, 1999) . The peak of migration was about 14 days after injury. Furthermore, labeled precursor cells that originated from the SVZ migrated into the corpus callosum and into the area of infarct with morphologies that suggested glial cells, in a mouse model of cerebral injury (Goings et al, 2004) . Thus, the proliferation, migration, and differentiation of different lineages of the CNS in adult depend on the type of lesion. One established origin for a range of cell types appears to be the SVZ and the time for maximal response is 14 to 21 days.
Multilabeling and confocal microscopy can be useful to establish other markers expressed by cells and help confirm cell identity. Other than GFAP expression by a subpopulation at day 3 (discussed above), the aSMA + cells (Morphology 1) were negative for nestin (marker of undifferentiated cells), negative for markers of mature pericytes when associated with vessels namely, desmin, PDGFRb and NG2, and negative for a marker of microglia and macrophages ED1 ( Figures 4A-C) . However, the aSMA + cells (Morphology 1) reported here did not express other markers except FLVCR2 ( Figures 4N  and 4Q ), which was implicated as a marker of fetal pericytes (Thomas et al, 2010) . Two antibodies against separate epitopes of FLVCR2 (including MAb 3D5; Figure 4 ) demonstrated aSMA-positive pericytes expressed FLVCR2. This transporter of heme (FLVCR2) was also found to be expressed by GFAP + (aSMAÀ) astrocytes in this study (data not shown), which might suggest both cell types are responding to the local (stressed) microenvironment, in which heme metabolism might be an important outcome. We conclude that the aSMA + cells with Morphology 1 represent a novel population that has not been previously described.
Large populations of ED1-positive cells were identified in the infarct ( Figure 4A ) and were presumably macrophages that had infiltrated from blood. Elsewhere aSMA-positive cells (Morphology 1) were clearly ED1-negative ( Figures 4B and 4C) and therefore unlikely to be microglia (ED1-positive).
Increasingly, there were a large number of aSMA + cells associated with vessels (Morphology 2: Figures 1E and 1G ) and in the peri-infarct these were also NG2-positive consistent with their identity as pericytes ( Figure 5B ). At day 14, a further population of aSMA + cells with reduced fluorescence intensity was observed under higher magnification in the peri-infarct region, Area X ( Figure 5C ).
Pericytes involved in angiogenesis in infarct tissue have previously been reported to originate from the circulation and are bone marrow derived (Rajantie et al, 2004; Kokovay et al, 2006; Lamagna and Bergers, 2006) . It has also been proposed that these cells result from cell fusion (Piquer-Gil et al, 2009 ). However, it is possible that there are at least two populations of pericytes recruited into the damaged tissue, one that originates from the SVZ and migrates into the peri-infarct (as proposed in this manuscript), another from the blood that infiltrates the infarct core and originate from the bone marrow and possibly a third population that arises from the area of damaged cells.
Migration of precursors of pericytes has been described in the fetal developing brain. Neural crest cell progenitors are believed to disappear with closure of the neural tube, but niches persist in adult in the enteric and dorsal root ganglia, hair follicles, teeth and bone marrow. Thus, the possibility that the putative pericytes described here are born in restricted zones of the SVZ and migrate in response to brain damage raises the further possibility that these are NCC-like cells.
Immortalized precursors of murine pericytes with proliferative potential express PDGFRb and NG2, but not aSMA (Dore- Duffy et al, 2011) . With basic fibroblast growth factor immortalized pericytes form neurospheres and many cells appear to coexpress markers for pericytes (NG2), neurons (NF), astrocytes a-smooth muscle actin-positive cells in stroke V Sharma et al (GFAP), and oligodendrocytes (O4), suggesting an immature phenotype (Dore-Duffy et al, 2011) . We had observed aSMA + cells (putative pericytes) some of which also expressed GFAP, which might also be consistent with an immature phenotype of cells that go on to differentiate into astrocytes (aSMAÀ).
One important question that also arises from our study and the migration hypothesis is the nature of the signaling mechanism that might initiate proliferation and migration. Local factors in the hypoxic microenvironment of ischemia initiate complex cellular and molecular responses via transcriptional activation of genes in recruited precursor cells. Thus, hypoxia drives angiogenesis via local expression of hypoxia-inducible factors (HIF 1, 2, 3) and expression of vascular endothelial growth factors. Vascular endothelial growth factor isoforms fulfil different functions during angiogenesis including pericyte recruitment.
It is unlikely that these local factors induced by hypoxia in the peri-infarct could be directly responsible for initiating proliferation and migration of the aSMA + cells as proposed. It is possible that neurons that send axons along the corpus callosum, the proposed route of migration for the pericyte precursors to the peri-infarct, provide the stimulus for these events of pericyte proliferation and migration. Such stimuli might arise from the relatively slow mechanisms of retrograde transport that have been described for damaged neurons Johanson et al, 1995; Weible et al, 2004) .
In summary, this manuscript provides evidence of a novel population of aSMA + cells, born in response to ischemia associated with the induction of stroke. It is hypothesized that these cells originate from neural crest precursors in the SVZ, migrate over several days along discrete pathways into the periinfarct and are incorporated into vessels. Further research is aimed at demonstrating this hypothesis.
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